solution that contains fluoride, calcium, and phosphoric acid. It has the potential to reinforce caries-affected dentin. The purpose of this study was to evaluate the effect of FCP-COMPLEX on the morphology of bovine artificial caries-affected dentin (ACAD). FCP-COMPLEX, 2% sodium fluoride solution, and distilled water were applied to bovine ACAD and the effect on acid-induced damage was observed. Scanning electron microscopy was used to evaluate morphology after acid application. Energy dispersive X-ray spectroscopy was used for mapping and quantitative analyses of the dentin surface, and for line analysis of dentin-adhesive interface. The FCP-COMPLEX precipitated on the dentin surface and fluoride, calcium, and phosphorus were detected at a higher level in the FCP-COMPLEX group. The area of acid damage in caries-affected dentin was reduced by FCP-COMPLEX. In conclusion, FCP-COMPLEX significantly increased the deposition of fluoride onto bovine ACAD and inhibited demineralization.
Introduction
Minimal intervention has been encouraged in dentistry and restorative techniques have dramatically improved with advances in the development of adhesive materials. In a clinical scenario, caries-affected dentin (CAD) is intentionally preserved and becomes the adherent substrate of resin composites. Xuan et al. reported that CAD permits deeper acid demineralization and monomer infiltration than normal dentin because of the partially demineralized nature of intertubular dentin (1) . However, Nakajima et al. reported that the bond strength to CAD was lower than that to intact dentin because its mechanical properties are poor (2) . In contrast, CAD can be remineralized because calcium phosphate crystals are created inside the dentinal tubules during carious attack, which may promote the growth/nucleation of apatite (3) (4) (5) (6) .
Chow and Takagi et al. reported that a two-component rinse produced higher fluoride deposition on enamel and root dentin at a lower fluoride dose (7) (8) (9) . However, limited fluoride was provided to the oral environment by the sodium fluoride (NaF) rinse, while the twocomponent rinse recovered mineral loss (ΔZ) and lesion depth according to transverse microradiography (TMR) analysis. In contrast, the NaF rinse only recovered the ΔZ. These studies led that a specific ratio of fluoride, calcium, and phosphoric acid could exist together without precipitating. This solution was developed and named FCP-COMPLEX (US Patent 8956596, 15 Feb, 2015) . "COMPLEX" indicates that the ions exist in various combinations in the FCP-COMPLEX solution. In a previous study, FCP-COMPLEX was found to be stable at a specific calcium concentration and there was a range of stable proportions for each ingredient. The stan-dard ratio of F:Ca:H 3 PO 4 in FCP-COMPLEX is 6:10:1. However, this solution can exist in other ratios at different pH values. Increasing the pH changes the proportion of the components, thus triggering immediate precipitation of CaF 2 or other fluoride-calcium molecules. In contrast, fluoride deposition on a filter disc was 7 times higher with FCP-COMPLEX than sodium fluoride treatment. Similar results were confirmed for saliva on an enamel surface. However, the effect of FCP-COMPLEX on intact dentin and CAD has not been investigated.
To reinforce tooth substance, fluoride has been incorporated into adhesive systems to prevent the development of secondary caries around restorations (10) (11) (12) . The formation of secondary caries around restorations is a major reason for restoration replacement. Tsuchiya et al. performed an ultra-morphological assessment of secondary caries formation around composite restorations using scanning electron microscopy (SEM) (13) . They reported the presence of an acid-base resistant zone (ABRZ) beneath the hybrid layer in self-etching adhesive systems after acid-base challenge. Inoue et al. compared the differences in adhesive-dentin also reported that selfetch adhesive created a hybrid layer and the ABRZ. The ABRZ protects the restoration margin from secondary caries and is thicker in CAD than intact dentin (13) (14) (15) . Fluoride-containing adhesive systems may contribute to the inhibition of secondary and recurrent caries (16) (17) (18) (19) . Shinohara et al. observed a delta-shaped region in the ABRZ when a fluoride-releasing adhesive system was used (16) . When fluoride uptake increased on the bonding interface of CAD, thick ABRZs appeared. A significant uptake of fluoride may enhance the inhibition of demineralization. Therefore, it was hypothesized that increased fluoride deposition by FCP-COMPLEX could prevent secondary caries. It was also hypothesized that the results would indicate the same tendency in the NaF and FCP-COMPLEX groups that had the same fluoride concentration as in the null hypothesis.
Recently, Joves et al. assessed natural CAD using transverse microradiography and a nano-indentation tester (20, 21) . They created a stable artificial CAD (ACAD) model to evaluate adhesion. The ACAD possesses similar mineral density and hardness to natural CAD, and there was no statistical difference in microtensile bond strength using the self-etch adhesive system (20, 21) .
However, the effect of fluoride application to CAD before bonding on the morphology of the adhesive-CAD interface has not been investigated. Reinforcing the adherent could improve the adhesive interface, contributing to the success of composite restoration. Therefore, the purpose of this study was to evaluate the effects of FCP-COMPLEX using a bovine ACAD model.
Materials and Methods

Solution preparation
The following solutions were applied to the dentin surface: FCP-COMPLEX (experimental group), 2% sodium fluoride solution (positive control), and distilled water (negative control, Direct-Q UV, Millipore, Molsheim, France). FCP-COMPLEX was prepared by mixing sodium fluoride, calcium chloride, and phosphoric acid in a molar ratio of 6:10:1, in which the concentration of fluoride (9,000 ppmF) was adjusted by adding distilled water. The concentration of fluoride in the 2% sodium fluoride solution was adjusted (NaF, 9,000 ppmF, WAKO, Tokyo, Japan) to the same concentration as that in FCP-COMPLEX. The pH values of the FCP-COMPLEX, NaF, and distilled water solutions were 0.38, 7.2, and 6.5, respectively.
Preparation of ACAD specimens
A schematic illustration of the experimental procedures for creation of bovine ACAD is shown in Fig. 1 . For this experiment, bovine incisor crowns were used as an experimental model. To obtain the crowns, bovine teeth were cut at the cervix. Dentin at the center of the labial surface was exposed with #280-grit SiC paper, and the dentin blocks (10 × 6 × 2 mm) were cut using a low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA) under water cooling. The dentin blocks were embedded in epoxy resin (Epoxicure2, Buehler) and all surfaces were covered with nail varnish (Revlon, NY, USA), except for a 4 × 4 mm window. Following the protocol outlined by Joves et al. the specimens were immersed in an artificial demineralizing solution (pH 4.5, 1.5 mM CaCl 2 , 0.9 mM KH 2 PO 4 , 50 mM acetic acid, 0.02% NaN 3 ) for 60 h at 37°C to make the ACAD (20) . After this process, the samples were removed from the container, rinsed thoroughly with distilled water, and attached to the loading device of the polishing machine (ML-160A, Maruto, Tokyo, Japan). The demineralized surface was polished three times with #600-grit SiC paper, 15 cm in length, under a load of 576 g to make a smear layer. The specimens were then cut using a low-speed diamond saw (Isomet, Buehler) at the midline of the nail varnish to a depth of approximately 150 µm to create the ACAD. The formation of ACAD was confirmed using optical coherence tomography (OCT) (HSL-2000, Santec, Komaki, Japan) (20) (21) (22) (23) .
Assessment of the treated ACAD surface
A JSM-5310LV microscope (JEOL, Tokyo, Japan) was used for SEM. Energy dispersive X-ray spectroscopy (EDS) was performed using an EMAX-7000 (Horiba, Tokyo, Japan). Twelve specimens were prepared, and images of the surfaces were acquired. Then, 30 µL of one of the three solutions (FCP-COMPLEX, NaF, or distilled water) was applied to the surface of the ACAD. Each solution was left on the ACAD surface for 20 s before washing with distilled water for 10 s. The applied specimens were dehydrated in ascending grades of ethanol up to 100% and then dried, fixed by immersion in hexamethyldisilazane (HMDS) for 5 min, and dried again for 24 h at room temperature. After applying a gold coating, each surface was examined by SEM.
Fifteen specimens were used for the mapping and quantitative analysis by EDS. Using a water-cooled lowspeed diamond saw (Isomet, Buehler), each specimen was cut into 1-mm thick sections and one of the three solutions (FCP-COMPLEX, NaF, or distilled water) was applied to each section. Samples were carbon coated and mapping analysis of fluoride, calcium, and phosphorus was performed on the ACAD surface via EDS. After the mapping analysis, a quantitative analysis was performed with the same specimen groups and the mean values were analyzed using a one-way analysis of variance (ANOVA) (P = 0.05) with Tukey's post hoc test.
Assessment of dentin-adhesive interface
Nine bovine ACAD blocks were used to evaluate the dentin-adhesive interface. After applying one of the three solutions (FCP-COMPLEX, NaF, or distilled water), a two-step self-etch adhesive (Clearfil SE Bond, Kuraray Noritake Dental, Tokyo, Japan) was applied according to the manufacturer's instructions, followed by a resin composite (Estelite Flow Quick, shade A3, Tokuyama Dental, Tsukuba, Japan), which was applied to the surface and light cured with the XL 3000 light curing unit (3M ESPE, St. Paul, MN, USA). Each specimen was immersed in distilled water for 24 h at 37°C, and then sectioned at the center perpendicular to the dentin-adhesive interface and embedded in epoxy resin (Epoxicure2, Buehler). After this, each specimen was sectioned into 1-mm thick slabs using a water-cooled low-speed diamond saw (Isomet, Buehler). The cut surfaces of each slab were polished with SiC paper and diamond paste (Struers A/S, Ballerup, Denmark). After carbon coating, line analysis of the fluoride, calcium, and phosphorus content at the dentin-adhesive interface was performed via EDS. The same specimens were also analyzed by SEM.
A schematic illustration of acid treatment is shown in Fig. 2 . The specimens were prepared as previously described to assess the dentin-adhesive interface after an acid-base challenge (13) (14) (15) . Observations were made via SEM (13-15). The exposed surface was polished with #1500-grit SiC paper and subjected to an acid-base challenge using a demineralizing solution (pH 4.5, 2.2 mM CaCl 2 , 2.2 mM NaH 2 PO 4 , 50 mM acetic acid) for 50 min, followed by a 6% NaOCl solution for 20 min. After the acid-base challenge, Super Bond C&B (Sun Medical, Moriyama, Japan) was applied without acid etching on the demineralized surface to prevent wear of the Fig. 1 Preparation of bovine artificial caries-affected dentin (ACAD). Each bovine tooth was placed in a dentin block and embedded. Nail varnish was applied topically before the block was submerged in a demineralizing solution (pH 4.5) for 60 h. After rinsing with distilled water, the sample was polished 3 times with #600-grit SiC paper under a load of 576 g. The sample was then cut and analyzed. surfaces during polishing. The specimens were sectioned perpendicular to the dentin-adhesive interface again and polished using diamond pastes. After argon-ion etching at 1 kV, 0.2 mA/cm² for 40 s (EIS-IE, Elionix, Tokyo, Japan), images were acquired using SEM.
Results
Surface assessment
The SEM images of the ACAD surface after application of FCP-COMPLEX, NaF, or distilled water are shown in Fig. 3 . In the distilled water group, the dentinal tubules opened clearly, and peritubular/intertubular dentin apparently collapsed. In the NaF group, small amounts of deposition were observed inside the dentinal tubules (blank arrows in Fig. 3 ). The surface texture was smoother in the NaF group than the distilled water group, and the dentinal tubule orifices were clearly outlined. In the FCP-COMPLEX group, precipitations after chemical reaction were mainly deposited on the surface (white arrow), and small deposits were detected inside and around the dentinal tubules (blank arrows).
Elemental mapping analysis of treated ACAD surfaces by EDS are shown in Fig. 4 . Fluoride (F), calcium (Ca), and phosphorus (P) were detected in all groups. However, higher densities of F, Ca, and P were detected in the FCP-COMPLEX group than in the other groups. The results of the quantitative analysis are summarized in Table 1 . The density of fluoride on the FCP-COMPLEX-treated ACAD surface was 14 times higher than that in the NaF group.
Evaluation of the dentin-adhesive interface SEM images of the bonded interface are presented in Fig.  5 . The bonding layer (B), hybrid layer (HL), and dentin Superficial (×5,000) and cross-sectional (×3,000) scanning electron microscopy (SEM) images of artificial caries-affected dentin (ACAD) specimens after application of the solutions. (a) Distilled water group: in the surface image, the orifices of the dentinal tubules are more open. In the cross-sectional image, dentin shrinks until the inner core, and dentin fibrils are roughly exposed. (b) NaF group: in the surface image, intertubular dentin shrinkage is decreased and a small amount of precipitation (blank arrows) can be observed in the dentinal tubules. In the cross-sectional image, the dentin fibrils are smoother than those in the distilled water group. (c) FCP-COMPLEX group: in the surface image, the dentin is covered with a large amount of precipitation. A small amount of precipitation is also observed in the dentinal tubules (blank arrows). Moreover, demineralized dentin is smoother than that in the distilled water and NaF groups in the cross-sectional image. (D) were observed under 1,500× magnification. Dentin cracks in the hybrid layer were observed in the distilled water and NaF groups. Few cracks were detected in the FCP-COMPLEX group.
In the EDS line analysis, fluoride (F) and calcium (Ca) peaks were detected in the hybrid layer in the FCP-COMPLEX group, but not in the NaF or distilled water groups. In addition, the Ca and P peaks in the FCP-COMPLEX group were steeper than those in the other two groups (Fig. 6) .
SEM images of the demineralized dentin-adhesive interface are shown in Fig. 7 . And schematic illustrations are shown in Fig. 8 . In all groups, a 25 µm outer lesion (OL) was created after the acid-base challenge. In the distilled water group, a 100 × 250 μm area of demineralization was observed in the dentin area. In the NaF group, a smaller demineralized dentin area (approximately 70 × 150 μm was observed. Acidic damage was decreased in the FCP-COMPLEX group, suggesting that FCP-COMPLEX inhibits demineralization around the interface. The ABRZs were clearly observed in all groups. The thickness in the FCP-COMPLEX, NaF, and distilled water groups was 25, 25, and 10 μm, respectively.
Discussion
In this study, FCP-COMPLEX was used to supply .03 ± 2.4* *The elemental composition of the demineralized dentin surface after applying FCP-COMPLEX is significantly different from that of the other two solutions. (n = 10, one-way ANOVA, Tukey's test, P > 0.05) fluoride, calcium, and phosphorus to ACAD. This experimental solution has the potential to remineralize CAD because it contains high concentrations of fluoride, calcium, and phosphorus ions, which are necessary for remineralization. In addition, it deposits more fluoride than other fluoride-containing agents. When the solution was applied to the surface of demineralized dentin, deposition occurred immediately. FCP-COMPLEX dissolved only the smear layer of the outermost layer. As the pH increased, fluoride uptake was completed. There was no or less influence on demineralized dentin beneath the smear layer, because the solution is almost saturated and only superficial layer of ACAD may be dissolved. Precipitation was characterized by powder X-ray diffraction, which confirmed the formation of CaF 2 and fluorapatite (24, 25) . These results suggested that FCP-COMPLEX increases precipitation compared with the NaF group.
There are some morphological differences between bovine and human dentin. However, their chemical compositions are similar, except for moisture and Ca/P ratio (mol/mol) (22) . In Japan, 90% of toothpastes contain fluoride and it may affect to the results. That is why bovine teeth were chosen in this study.
The NaF solution and FCP-COMPLEX used in this study had the same fluoride concentration, but the morphology was significantly different. FCP-COMPLEX group showed higher inhibition of demineralization The morphological appearance of the interface between adhesive and dentin has been investigated (16, 17) . One method for evaluating the bonding interface is by observing the morphology of the ABRZ via SEM (13) (14) (15) 18, 19, (26) (27) (28) (29) . ABRZs were found at the interface adjacent to the hybrid layer when a self-etching primer system was used for bonding. They inhibited acidinduced damage around the interface of the adhesive materials. Several studies have suggested that fluoride in the bonding agents makes the dentin resistant to acidic attack, thus affecting the shape of the ABRZ, as well as slope formation at the bottom of the demineralized area. In addition, Kirihara et al. reported that the fluoride concentration in adhesives influences ABRZ morphology (19) . Moreover, Nurrohman et al. reported that apatite crystals in preserved dentin beneath the thin hybrid layer of the mild self-etch adhesives were protected against acid (30) .
SEM analyses showed that the CAD surfaces were smoother in the NaF and FCP-COMPLEX groups than in the distilled water group, because they were covered by precipitated minerals. This was most apparent in the FCP-COMPLEX group. In the distilled water group, there were ABRZs at the interface, but the thickness and shape were totally different from that in the other two groups. This was probably due to the absence of remineralizing ions such as fluoride, calcium, and phosphorus.
EDS line analysis revealed fluoride and calcium peaks around the dentin surface of the FCP-COMPLEX group, from the top surface to approximately 15 µm deep. This indicated that the FCP-COMPLEX penetrated deeper into the area of the demineralized dentin (ACAD) and deposited fluoride and calcium-containing products, such as CaF 2 and fluorapatite.
Cracks were found in the ACAD layer of the bonded surfaces in the distilled water and NaF groups. The damaged area was approximately 150 µm from the bonded surface and was produced during demineralization. In this area, the mineral density and nano-hardness were lower than that of intact dentin (20, 21) . It could be hypothesized that acidic demineralization of the deep ACAD was caused by this crack in the NaF and distilled water groups. Since the nano-hardness and mineral density of ACAD was lower than that of intact dentin, the solution penetrated deeper into the ACAD. The FCP-COMPLEX protects against this damage. Therefore, our results did not indicate the same tendency of the inhibition of demineralization for the acid challenge and fluoride deposition onto the demineralized dentin between the NaF and FCP-COMPLEX groups, which had the same fluoride concentration. Furthermore, high fluoride uptake by the FCP-COMPLEX may prevent secondary caries.
In conclusion, we have shown that a novel solution, FCP-COMPLEX, significantly increased fluoride deposition into artificial CAD and inhibited demineralization. These effects may contribute towards the reinforcement of CAD and promote bonding stability.
